INTRODUCTION
myo-Inositol hexakisphosphate (phytic acid, InsPJ) is a major component of plant storage tissues (Cosgrove, 1980) , where it is generally believed to be a phosphate store, and Ins(1,3,4,5,6)P5 is found in large quantities in erythrocytes of avian, reptilian and amphibian species (Johnson and Tate, 1969) , where it modulates haemoglobin oxygen binding (see Bartlett, 1982) . Until the fairly recent past, these two higher inositol polyphosphates, with these specific functions, were believed to be confined to these particular tissues. However, investigations of inositol phosphates in animal cells revealed that InsP6 is found probably in all animal cells [see Stephens et al. (1991) for references], and presently there is no known exception to suggest other than that InsP6 is universal in eukaryotic tissues. InsP5s are also found in various extents in animal tissues, the predominant isomer being Ins(1,3,4,5,6)P5 .
The levels of Ins(1,3,4,5,6)P5 can be modulated after cell stimulation, probably because there are complex routes of synthesis to it from receptor-generated Ins(1,4,5)P, [e.g. Stephens and Downes (1990) and see Shears (1989) . The breakdown route of InsPJ is not documented yet, but in slime moulds it is predominantly dephosphorylated in the 3 and 5 positions (Stephens and Irvine, complete inhibition of iron-catalysed radical formation at > 30 ,uM. Ins (1, 3, 4, 5, 6 )P5 and D/L-Ins(1,2,4,5,6)P5, however, were markedly less potent than InsP6, and did not inhibit radical formation completely; even when Ins(1,3,4,5,6)P, was added up to 600 ,uM, significant radical formation was still detected. Thus InsP5s lacking 2 or 1/3 phosphates are in this respect qualitatively different from InsP6 and the other InsPJs. 4. scyllo-Inositol hexakisphosphate was also tested, and although it caused a greater inhibition than Ins(1,3,4,5,6)P1, it too still allowed detectable free radical formation even at 600 ,uM. 5. We conclude that the 1,2,3 (equatorial-axial-equatorial) phosphate grouping in InsP. has a conformation that uniquely provides a specific interaction with iron to inhibit totally its ability to catalyse hydroxyl radical formation; we suggest that a physiological function of InsP. might be to act as a 'safe' binding site for iron during its transport through the cytosol or cellular organelles.
1990
; Stephens et al., 1991) , and in animals there is a 3-phosphatase with a high affinity for InsPJ (Nogimori et al., 1991) .
The reasons for the apparently universal occurrence of InsPJ in eukaryotic cells are not known. It is found at estimated levels up to 600 ,uM (Martin et al., 1987) , and clearly represents a considerable investment in cell energy. Various functions have been suggested, and these have been summarized elsewhere Carpenter et al., 1989) . In 1984, Graf et al. showed that InsP. was a particularly effective inhibitor of iron-catalysed hydroxyl radical (OH') formation, and suggested that it might make a useful food additive (Graf et al., 1984 (Graf et al., , 1987 Graf and Eaton, 1990) . They also suggested that, given its high level in dry storage tissues of higher plants, evolution may already have put it to that use, i.e. that it is there as a natural antioxidant (Graf et al., 1987; Berridge and Irvine, 1989 Jacobs, 1977; Grohlich et al., 1979; Crichton, 1979; Morgan, 1977; Fontecave and Pierre, 1991; Britton et al., 1990; Nielson et al., 1993) . The nature of the low-molecular-mass iron pool is presently unclear, but it has in the past been postulated to represent iron chelated with citrate (Morley and Bezhorovainy, 1983) , phosphate (Pollack et al., 1985) , amino acids (Bakkeren et al., 1985; Deighton and 1989) and ATP (Weaver and Pollack, 1989) . However, given the apparently high affinity and kinetic lability of iron-InsP.
complexes (e.g. Cosgrove, 1980; Poyner et al., 1993) and the documented ability of phosphates to exchange iron between iron-binding proteins (e.g. Cowart et al., 1986; Morgan, 1977) , it seemed an attractive possibility that InsPJ represents a component of this low-molecular-mass iron-pool.
Direct evidence for such a function for InsP. will be difficult to obtain (it may have to come from eliminating InsP. from a cell by genetic means), but we have here sought some indirect evidence by investigating the specificity of the interaction of inositol polyphosphates with iron. We find that although all the inositol polyphosphates tested will interact with iron and inhibit OH' formation (generated from superoxide anion and H202), only those with a 1,2,3 (equatorial-axial-equatorial) phosphate grouping cause a complete inhibition. This precise and specific effect lends some credibility to the possibility that this is one reason why eukaryotic cells maintain fairly high levels ofcytosolic InsP6.
MATERIALS AND METHODS
In all experiments involving ferric iron, the desired concentrations were obtained by diluting (at least 20-fold) concentrated stock solutions immediately before use; this was done to avoid the formation of insoluble iron hydroxide precipitates.
InsP and InsP5 Isomers
These were prepared from InsP, (purchased from Sigma) by alkaline hydrolysis and ion-exchange chromatography as described in and Stephens et al. (1991) . They were checked for purity by chromatography on polyethyleneiminecellulose (Spencer et al., 1990) , and, as shown in Figure 1, This assay is based on the original work of Beauchamp and Fridovich (1970) . The formation of OH' is monitored by reaction with dimethyl sulphoxide and measurement of resulting formaldehyde by the Hantz reaction (Nash, 1953 This was essentially performed as described by Graf et al. (1984 Graf et al. ( , 1987 with some modifications. The principle of the assay is the iron-catalysed formation of OH from superoxide anion radical (.-0) (generated by xanthine oxidase/hypoxanthine) and H202
(the reactions involved are thought to be:
Fe2++H202 -Fe3+ + OH+ OH -) Graf et al., 1987) . The discontinuity in the InsP6 inhibition curve (Figure 2) may imply differing affinities between the phosphates, or interactions between the phosphates as they progressively bind Fe3+, but we have not explored this further. Another point that emerges from Figure 2 is that InsP6 is considerably more potent in this assay than ATP. We 
Linearity of radical forming assay
As we were interested in quantitative differences between the ability of inositol polyphosphates to interact with iron, we have tried to make the hypoxanthine/xanthine oxidase system linear with respect to added Fe'3. This has provided some problems (see below and the Materials and methods section). The formation of the OH radical is a multi-stage process involving more than one oxidation state of iron [see the Materials and methods 10-2 10-1 section and Graf et al. (1984, 1987) ] and the reaction between OH and dimethyl sulphoxide causes a variety of products to be formed (see Halliwell and Gutteridge, 1985) , only one of which y decolorization of (formaldehyde) is being measured in the assays, and these factors may explain some of the complexities that we have encountered. (Figure 4b ), and so we believe this is to do with the inherent difficulties of (a) multiple reactions and products, of which we are only measuring one [see above and Halliwell and Gutteridge (1985) increased Ins(l,3,4,5,6)P, to 600 ,uM, and still it had not inhibited radical formation completely ( Figure 5 ). Neither Ins(1,4,5)P3 nor Ins(1,3,4,5)P4 caused any inhibitory effect at all up to 500 ,sM, and both in fact caused a slight (approx. 20 %) stimulation, and ATP at 1 mM caused only a small inhibition (results not shown). The implication from these data overall is that the 1,2,3 phosphate grouping in InsP6 is essential for the complete inhibition of free-radical formation. In this context, it is noteworthy that, notwithstanding the semi-quantitative assay, we can see that a considerable excess of InsPJ over Fe3+ is required ( Figure  5 ), which contrasts with the data of Figure 2 , from which we deduced that multiple phosphate moieties on InsP6 are binding Fe3+ tightly; this apparent contradiction could be because to cause complete inhibition of radical formation the 1,2,3 grouping must bind all the iron (and moreover it must do so in competition with the other phosphate moieties on the InsP6). We should note, however, that Graf et al. (1984) found complete inhibition of radical formation at iron/InsP6 ratios of less than 1, and we have no explanation for this other than differences in the assay (see above).
Inhibition by other potential chelators
In agreement with Graf et al. (1984 Graf et al. ( , 1987 and Graf and Eaton (1990) we found that whereas Desferral caused a complete inhibition (Figure 3 ), EDTA did not (see also Beauchamp and Fridovich, 1970) . EDTA was more potent than InsP. at low concentrations, but even at millimolar levels there was still some reaction occurring, whereas, in parallel incubations, InsP6 at 30 ,IM caused complete inhibition (results not shown).
The 2-phosphate is the only axial one in InsP6 in the predominant chair conformation (Emsley and Niazi, 1981; Figure lb) , and it is therefore an intriguing possibility that an equatorial-axial-equatorial conformation has the precise geometry for this complete inhibition of radical generation. We were fortunate to gather some more direct information on this by the gift of some synthetic scyllo-inositol hexakisphosphate from Dr. M. F. Tate. scyllo-Inositol hexakisphosphate is identical with
InsP6, except that all its phosphate groups are equatorial ( Figure  Ib) . When we tested this in the assay we found that it is clearly more effective at reducing OH' formation than Ins(1,3,4,5,6)PJ, especially at high concentrations, but it is also clearly and reproducibly unable to block this completely ( Figure 6 ). This goes some way to confirming the implication above, that it is the equatorial-axial-equatorial grouping of InsP6 (myo-inositol hexakisphosphate) which is uniquely (in the present inositol phosphate context) able to prevent iron entirely from catalysing OH formation.
Conclusions and physiological signfficance
The data presented above enable us to group the ion chelators studied into two divisions, based on whether, given sufficient concentrations, inhibition of the iron-catalysed OH radical formation is complete. Graf et al. (1984) drew a similar line: only Desferral and InsP6 in their experiments would stop this completely, whereas other chelators allowed some activity to proceed. The reasons for this are not clear, though Graf et al. (1984 Graf et al. ( , 1987 suggested that the exclusion of water from the co-ordination complex or iron and an inhibition of Fe3+ reduction (which forms Fe2, an essential catalyst in the generation of OH radicals by the mechanisms studied here; see the Materials and methods section) might both contribute to this phenomenon. The precise mechanisms are not our concern here. What is striking is that our results suggest that a unique conformation of the phosphate grouping in InsP6 is probably responsible. (Poyner et al., 1993) and their grouping by chromatography in the presence of HCl on polyethyleneimine-cellulose ( Figure 1 ) and Dowex-1 resin (Cosgrove, 1980) , indicative perhaps of some common physical basis for these observations. As discussed in the Introduction, our current knowledge of InsP6 metabolism in animal cells implies that the 2-phosphate may be the last to be added, and the 3-phosphate the first to be removed; also, it is apparent that Ins(1,3,4,5,6)P5 is probably the only InsP, which is found at cellular concentrations close to (sometimes greater than) InsP6 McConnell et al., 1991) . So, one could argue that InsP6 is unique among inositol phosphates in its high cellular levels, and its ability to bind iron entirely 'safely', i.e., in a way that completely prevents iron-catalysed formation of OH radicals. Since iron-catalysed OH' radical formation is an event potentially lethal to living cells (Halliwell and Gutteridge, 1985) 
